Introduction
The piwi gene family represents a novel class of evolutionarily conserved genes, encoding basic proteins with a high homology especially regarding their Cterminus (Cox et al., 1998) . In lower eukaryotes and plants, these genes are known to be involved in stem cell division, gametogenesis, germline speci®cation, and RNA silencing (Cox et al., 1998; Bohmert et al., 1998; Moussian et al., 1998; Tabara et al., 1999) . For example, the Drosophila piwi gene is required for the self-renewal of germline stem cells during gametogenesis. Loss of piwi function results in complete depletion of germline stem cells in both males and females, leading to sterility of both sexes (Lin and Spradling, 1997; Cox et al., 1998) . In contrast, overexpression of piwi increases the number of germline stem cells and their rate of mitosis (Cox et al., 2000) . In addition, depleting maternal PIWI in the embryo severely aects the formation and development of primordial germ cells (Cox, 1999) . Similarly, a piwi homolog in Drosophila called sting (a.k.a. aubergine) is also required for spermatogenesis (Schmidt et al., 1999) . Diverging from Drosophila, the C. elegans homologs of piwi (prg-1 and prg-2) are important in germline maintenance during gametogenesis (Cox et al., 1998) , while piwi-like genes in Arabidopsis (zwille and argonaute) are essential for meristem maintenance (Bohmert et al., 1998; Moussian et al., 1998) .
A partial cDNA representing a human homolog of piwi named hiwi has been isolated from a human testis cDNA library (Cox et al., 1998) , hinting towards a potential role for piwi family genes in human spermatogenesis. More recently, it has been found that hiwi is expressed in CD34 + hematopoietic progenitors, but not in CD34 7 hematopoietic cells, suggesting a role for this gene in the maintenance of hematopoietic stem cells (Sharma et al., 2001) . Because of the conserved functions of piwi genes in stem cell maintenance and germline development, it is of interest to study the role of hiwi in germ cell-derived tumors. Within the human adult testis, two types of germ cell tumors are distinguished. The ®rst type of tumors are the seminomas and nonseminomas of adolescents and adults, also known as TGCTs, while the second type are the spermatocytic seminomas of the elderly (reviewed in Looijenga et al., 1999a; Looijenga and Oosterhuis, 1999b) . Although these tumors have separate pathogenesis, as demonstrated by their clinical behavior (reviewed in Bosl and Motzer, 1997; Burke and Mosto®, 1993) and chromosomal constitution Looijenga et al., 2000; Rosenberg et al., 1998 Rosenberg et al., , 1999 van Echten et al., 1995) , they all originate from the germ cell lineage. The TGCTs originate from an embryonic germ cell, most likely the malignant counterpart of a primordial germ cell, known as carcinoma in situ (CIS; Jorgensen et al., 1995; Moller, 1989; Skakkebaek, 1972) . CIS cells are located at the inner side of the basal membrane of the seminiferous tubules, where normally spermatogonia reside (Gondos, 1993) . These tumor cells are characterized by a high glycogen content (Mosto® and Sesterhenn, 1998) , positive staining for c-KIT (the stem cell factor receptor; Rajpert-De Meyts et al., 1996) and germ cell/placental alkaline phosphatase (Roelofs et al., 1999) , all of which are also positive in normal primordial germ cells. TGCTs are the most frequently occurring malignancy in Caucasian males in the age between 15 ± 45 years (reviewed in Looijenga et al., 1999a; Looijenga and Oosterhuis, 1999b) , where they account for a signi®cant number of cancer deaths. In contrast, the spermatocytic seminomas are found at elder ages (Burke and Mosto®, 1993) . They are rarer, relatively benign, and originate from germ cells at a later stage of development or germ cells capable of further maturation (reviewed in Stoop et al., 2001) . Also diering from primordial germ cells and CIS cells, spermatocytic seminomas are negative for glycogen, c-KIT and germ cell/placental alkaline phosphatase, however, they are positive for markers of meiosis (Dekker et al., 1992; Stoop et al., 2001) .
Among TGCTs, 50% of them are pure seminomas, which are highly similar to CIS and show typical germline phenotype, while 40% of TGCTs are nonseminomas that diverge from the germline pathway and mimic somatic embryonic development. The remaining 10% are combined seminomas and nonseminomas (Mosto® and Sesterhenn, 1998) . The divergence of nonseminomas from its germline origin is demonstrated by histology. This classify nonseminomas into three subtypes: (i) embryonal carcinomas that mimic the undierentiated embryonic stem cell state; (ii) teratomas that re¯ect somatic dierentiation within the embyronic lineage; and (iii) yolk sac tumor and choriocarcinoma that re¯ects extra-embryonic dierentiation. During transition from CIS or seminoma to nonseminoma, the cells lose their embryonic germ cell characteristics such as positive staining for glycogen, c-KIT and germ cell/placental alkaline phosphatase. Despite the contrasting phenotypic dierences between seminomas and nonseminomas, they share a striking similar pattern of chromosomal changes, which supports the notion that they are derived from a common origin (Korn et al., 1996; Mostert et al., 1996; Ottesen et al., 1997; Summersgill et al., 1998; van Echten et al., 1995) . However, little is known about mechanisms that distinguish CIS/ seminomas from various forms of nonseminoma.
Numerous attempts have been made to correlate seminomas to speci®c genetic changes. For example, an isochromosome 12p and de®ciencies in the short arms of chromosomes 1, 3, and 11 are concurrent with TGCTs (reviewed in Looijenga et al., 1999a; Looijenga and Oosterhuis, 1999b) , implicating the presence of potential TGCT suppressor genes in these de®ciency regions. Recently, seminomas have also been correlated to the altered activities of speci®c genes such as glial cell line-derived neurotrophic factor (GDNF), members of placental alkaline phosphatase family, Zinc ®nger genes on chromosome 19, eukaryotic initiation factor 3 p110 mRNA, and Testis Speci®c Protein Y Encoded (TSPY; Ogawa et al., 1998; Rothe et al., 2000; Lau et al., 2000; Meng et al., 2001; Shigenari et al., 1998) . Despite these progresses, the genetic mechanism that leads to the pathenogenesis of seminomas remains elusive.
Here we report the molecular characterization of hiwi and demonstrate that it maps to the long arm of chromosome 12, band q24.33, a chromosomal region showing linkage to the development of TGCTs (Bishop, 1998) . In addition, we show that the expression of this gene is speci®c for germ cells during normal spermatogenesis in a dierentiation stagedependent pattern. Moreover, signi®cant enhancement of hiwi expression is heterogeneously observed in seminomas, but not in nonseminomas, spermatocytic seminomas, or non-germ cell tumors of the adult testis. These data support the notion that hiwi is involved in germ cell proliferation and maintenance and that hiwi overexpression may cause malignant germline development.
Results

Cloning of the full-length hiwi cDNA
We have previously identi®ed the hiwi gene by isolating a 2.3 kb partial hiwi cDNA clone containing an incomplete open reading frame (ORF) from a human testis library (Cox et al., 1998) . To obtain the fulllength cDNA, we conducted 5' RACE experiment on human testicular polyA + RNA using a hiwi-speci®c primer and obtained a 1.4 kb cDNA fragment that contains the missing 5' region of the hiwi cDNA sequence (see Materials and methods). This fragment was recombined with the existing 2.3 kb partial cDNA to generate a 3362-bp hiwi cDNA that includes a 56 bp 5' untranslated region (5' UTR), a 2583 bp ORF encoding an 861 amino-acid protein, and a 723 bp 3' untranslated region (3' UTR) containing a polyadenylation signal (Genbank accession number: AF104260). This cDNA, when added with a 238 bp polyA + tail, should be 3.6 kb, the size of the hiwi transcript (see below). Thus, it is approximately the full-length cDNA. (All other existing hiwi cDNA sequences in GenBank are partial cDNAs, see Materials and methods).
The ORF of the hiwi cDNA predicts that HIWI is a highly basic protein (pI 9.53) of Mr 98.5 kDa. The HIWI protein is essentially identical (94.4% identity) to its murine counterpart. MIWI (Deng and Lin, 2002) , encoded by miwi, and homologous to another murine piwi homolog, mili (36.2% identity; Figure 1 ). HIWI also shares 37 and 38% identity with the Drosophila PIWI and AUBERGINE proteins, respectively, over its entire length (Figure 1) . Particularly, the C-terminal 104 amino acid residues, as part of the PIWI domain, are 59% identical between HIWI and PIWI and the identity is somewhat higher between HIWI and AUBERGINE (Cerutti et al., 2000, Figure 1 ). In addition, a middle region of HIWI covering residues 276-390 shares high homology with the PAZ domain (Cerutti et al., 2000) in the corresponding region of the PIWI family proteins (Figure 1) . As compared to its C. elegans homologs, HIWI shares 30 and 31% identity with two C. elegans PIWI homologs, PRG-1 and PRG-2, over its entire length, with the identity increased to 57.7 and 58.7% at the C-termini, respectively. Among other representative species in the animal kingdom, HIWI shares signi®cant homology over its entire length with its homologous proteins in sea urchin (SEAWI, 45% identity) and even in unicellular organism Paramecia (PAP, 20% identity). Since the piwi family genes in Drosophila, C. elegans, and Arabidopsis are required for the self-renewal of germline stem cells or their equivalents (Cox et al., 1998; Bohmert et al., 1998; Moussian et al., 1998) , it is possible that hiwi may also play a similar role in germline stem cell maintenance in humans. Interestingly, HIWI also shares 29 and 23% identity with human translational initiation factors eIF2C2 and eIF2C1, respectively. In addition, it shares 25% identity with C. elegans RDE-1, a protein required for dsRNA cleavage that leads to RNA interference (Tabara et al., 1999; Sharp and Zamore, 2000) . Since eIF2Cs, AUBERGINE, and RDE-1 are all involved in RNA-mediated process, this raises the possibility that HIWI might be an RNA binding protein.
Genomic localization of the hiwi gene
To determine the genomic localization of the hiwi gene, we mapped its position using the radiation hybrid mapping method against the Stanford G3 panel (Stewart et al., 1997; see Materials and methods) . hiwi maps to chromosome 12, 130 kb from the AFM295ye9 (D12S343) marker at 12q24.33, with a LOD score of 13.8. This location was con®rmed using¯uorescent in situ hybridization on normal human metaphase spreads (data not shown). Searching hiwi cDNA against the human genome database revealed that the hiwi transcription unit is completely covered by 14 randomly sequenced fragments of BAC RP11-200K12. This sequence is part of the contig ctg15998 interval 2, which also contains STS AFM295ye9 (http://genome.wustl.edu/cgi-bin/ace/GSCMAPS.cgi, 15 January 2001). Interestingly, this chromosomal region has been linked to the development of TGCTs (reviewed in Bishop, 1998) , with AFM295ye9 mapped between D12S324 and D12S357 ± the two markers showing a positive LOD score in the TGCT linkage studies. The genomic location of hiwi is syntenic to that of its murine homolog, miwi, a gene essential for spermatogenesis that is located on chromosome 5 near the D5nds6 marker (Deng and Lin, 2002) .
hiwi is expressed in germ cells of the adult testis in a differentiation-stage dependent pattern
To explore the function of hiwi in more detail, we examined hiwi expression in a series of adult human tissues by Northern blot analysis (see Materials and methods). As shown in Figure 2 , hiwi encodes a 3.6 kb transcript that is detectable in the testis, but not in spleen, thymus, prostate, ovary, small intestine, colon and peripheral blood leukocytes. Because this Northern blot detected signals that are at least 60-fold lower than the 3.6 kb hiwi RNA, we concluded that if the hiwi is present in the other tissues examined, it must be at least 60-fold lower than its abundance in the testis (see Discussion).
To further characterize the pattern of hiwi expression in normal human testes, we performed mRNA in situ hybridization and compared the results to that of miwi, a murine homolog of hiwi (Deng and Lin, 2002 ; see Materials and methods). To identify the seminiferous tubules more easily, the in situ detection of hiwi mRNA was combined with immuno¯uorescence labeling of laminin that is present in the basal membrane of the tubules. For interpretation of the results, it is important to realize that the organization of seminiferous tubules with respect to spermatogenesis in men and mice dier signi®cantly (Ross et al., 1995) . Spermatogenesis, initiated by germline stem cell divisions, causes the composition of spermatogenic cell types in the seminiferous epithelium at a given site of the tubule to change in a cyclic fashion. This change, called the cycle of seminiferous epithelium, occurs in dierent fashions in mice and men. In mice, as well as in non-human primates and other rodents, each stage of the seminiferous epithelium cycle occupies a signi®cant length of the tubule, and the stages appear to occur sequentially along the length of the tubule, forming waves of the seminiferous epithelium. In contrast, there are no waves in the human seminiferous tubules. Stages of the cycle occur in random patches that do not extend around the circumference of the tubule, so that a transverse section through a human seminiferous tubule typically represent 2 ± 6 dierent stages of the cycle, often arranged in a pie-wedge fashion. In murine testes, miwi mRNA is mainly expressed in spermatocytes that occupy the sub-basal layers of the seminiferous epithelium, but apparently not in spermatogonia that reside in the basal layer of the epithelium ( Figure  3A , B and Deng and Lin, 2002) . The miwi-expressing cells form a continuous ring occupying the sub-basal region around the circumference of the germ cell layer. Moreover, miwi expression level varies from tubule to tubule, indicating that miwi is expressed only during speci®c stages of the seminiferous epithelial cycle. Speci®cally, miwi is present from spermatocytes to Figure 3C ± F) . The hiwi expression is not detected in the basal germ cells of the seminiferous epithelium, suggesting that hiwi is not expressed in spermatogonial cells. The hiwi-expressing cells occupy sectors or patches in the tubule, re¯ecting the fact that hiwi is also expressed only during speci®c stages of the seminiferous epithelial cycle. hiwi is speci®cally expressed in germ cells but not in Sertoli cells ± the only other cell type in the seminiferous tubule. This is revealed by double-labeling of the tissue sections for hiwi mRNA and for an antibody (AMF17b) that recognizes vimentin, highlighting Sertoli cells inside the tubule (Isaacs et al., 1989; Figure 3E,F) . The germline expression of hiwi was consistent with analysis of a seminoma cell line (ATCC No. CRL-7800; Figure 3G ), of which the hiwi-positive cells display the morphology of early spermatogenic cells.
It is worth noting that in both murine and human testes, the expression of miwi or hiwi is detectable in spermatocytes but not in spermatogonia of the adult testis. However, we detected by quantitative RT ± PCR that hiwi is expressed in a testis sample from a 7-yearold boy at a level of 0.11-fold of the abundance of the ODCI control (see Materials and methods). Hence, hiwi may be expressed at a very low level in prespermatogonia (i.e., gonocytes) prior to spermatogenesis and in spermatogonia during spermatogenesis, below the sensitivity of RNA in situ hybridization.
hiwi is overexpressed in seminomas, but not in nonseminomas, spermatocytic seminomas, and somatic testicular tumors
The expression pattern of hiwi in human adult testicular parenchyma samples suggests that hiwi is involved in spermatogenesis. If so, given that the piwi family genes are required as positive factors for the division and maintenance of germline stem cells or their equivalents in Drosophila, C. elegans, and Arabidopsis, ectopic or overexpression of hiwi may cause malignant proliferation of human germ cells. To test this hypothesis, we examined the expression of hiwi in a series of testicular tumors of both somatic and germ cell origin by RNA in situ hybridization and semi-quantitative RT ± PCR (see Materials and methods). In the testicular parenchyma of Sertoli cell tumors, hiwi is still expressed in germ cells at apparently normal levels. In addition, it maintains dependence for the seminiferous cycle ( Figure 4A ± C) . In Leydig cell tumors, atrophy of the seminiferous tubules is frequently observed (Figure 4D,F) , and, expectedly, no hiwi expression is found in these samples ( Figure 4E) . Similarly, in a mixed Sertoli-Leydig tumor sample, atrophy occurs to spermatogenic cells and hiwi expression is accordingly eliminated (Figure 4G ± I) . These results show that hiwi is neither ectopically nor overly expressed in testicular tumors of somatic origin.
To examine hiwi expression in germ cell-derived tumors, we studied a series of 19 independent seminomas, 10 independent nonseminomas, and four spermatocytic seminomas of three independent patients by quantitative RT ± PCR, with two normal adult testicular parenchyma samples as controls (see Materials and methods). The histology of all these samples was examined to con®rm their identity (see Materials and methods). As shown by Northern blot analysis (see above), the hiwi transcript is identi®ed in normal testis samples, 0.34 times the abundance of the control gene transcript ( Figure 5 ). Interestingly, 12 out of 19 seminomas (63%) showed hiwi expression levels that are at least twice higher than the average level of hiwi expression in normal testicular parenchyma, with a hiwi/control ratio in these seminomas ranging from 0.67 ± 5.6, (mean 1.56+1.68). Only three seminomas showed a similar or lower level of hiwi expression as compared to normal testis. In contrast to seminomas, no elevated expression was found in any of the 10 nonseminomas (mean 0.13+0.077). This was con®rmed by analysis of two nonseminoma-derived cell lines ( Figure 3H ; see Materials and methods). In addition, no enhanced expression was found in any of the four spermatocyte seminomas (mean 0.11+0.024). These results suggest that an enhanced hiwi expression level is The expression of miwi (red) in an adult mouse testis as shown at low (A) and high (B) magni®cations, respectively, with anti-laminin staining (green) outlining seminiferous tubules (t). miwi is expressed in early spermatogenic cells, mostly in spermatocytes, which uniformly occupy the sub-basal region of the seminiferous epithelium. Moreover, miwi is expressed only in a subset of tubule cross-sections, indicating that miwi expression is dependent on the stage of the seminiferous epithelium cycle. (C,D) The expression of hiwi (red) in an adult human testis as shown at low (C) and high (D) magni®cations, respectively, with anti-laminin staining (green) outlining seminiferous tubules (t). Similar to miwi expression pattern, hiwi expressing cells do not reside at the basal layer of the seminiferous epithelium. They occupy sectors or patches in the tubule, re¯ecting the fact that the spermatogenic cells at a given stage of the seminiferous epithelium cycle in humans occupy an irregularly shaped area along the tubule, and, therefore, a cross section typically shows two or more stage-speci®c cellular associations. (E,F) Double staining of human testicular sections for hiwi RNA (red) and the Sertoli cell marker AMF17b (green), as shown at low (E) and high (F) magni®cations, respectively. A Sertoli cell is indicated by`s'. Note that hiwi and AMF17b signals do not overlap, indicating the hiwi is speci®cally expressed in germline cells. Note also that hiwi-expressing cells are on the lumenal side of the Sertoli cell processes that enclose the spermatogeonial compartment, indicating that hiwi-expressing cells are not spermatogonia. (G) A germ cell line stained for hiwi mRNA (blue) and eosin (pink). hiwi-expressing cells display the size and morphology of spermatogonia and primary spermatocytes. (H) Lack of hiwi expression in a testicular embryonic carcinoma cell line. All bars denote 50 mm likely restricted to seminomas, which are germ cellderived tumors that maintain their embryonic germ cell characteristics.
To investigate whether the level hiwi expression is correlated to a particular stage or proliferation state of seminomas, we ®rst quanti®ed the abundance of hiwi RNA in two separately isolated RNA samples from one seminoma. These two samples displayed dierent levels of hiwi RNA. Histological analysis demonstrated that the dierence in the hiwi RNA level is not correlated to the number of tumor cells present in the two samples. This suggests that dierent tumor cells within the same seminoma express a dierent level of hiwi. To investigate if the hiwi expression level is correlated to the mitotic or apoptotic state of seminoma cells, we examined the mitotic index and apoptotic rate of four seminomas with the lowest levels of hiwi expression and four seminomas with the highest levels of hiwi expression. The number of mitotic cells and apoptotic nuclei in 10 high power ®elds of histological sections were scored for comparison, and alternating sections from the same samples were quanti®ed for hiwi expression. No statistically signi®-cant dierences were observed between the two groups of seminomas (mitotic index: 11.0+6.5 versus 20.5+15.5; apoptotic index 5.0+2.8 versus 8.0+5.3). These data suggest that the level of hiwi expression is not correlated to a particular mitotic or apoptotic state of seminomas.
Discussion
Here we report the complete sequence of the human hiwi transcript, its germline-speci®c expression in the testis, and the correlation of its overexpression speci®cally with seminomas. hiwi shows signi®cant homology with other members of the piwi family genes in the mouse, Drosophila, C. elegans, and Arabidopsis (see Results, also see Cox et al., 1998) . The piwi gene family represents the only known class of evolutionarily conserved genes that are required for stem cell function in diverse organisms in both animal and plant kingdoms (reviewed in Benfey, 1999) . In particular, these genes have been shown to be essential for the maintenance of germline stem cells or their equivalents in Drosophila, C. elegans, and Arabidopsis. In Drosophila, piwi activity modulates the number of germline stem cells and the rate of their division; overexpression of piwi leads to a signi®cant increase in the number of germline stem cells and their rate of division (Cox et al., 2000) . In this organism, piwi functions both as a component of a somatic signaling pathway that controls the self-renewal of germline stem cells and as a cell-autonomous factor that promotes stem cell divisions (Cox et al., 1998 (Cox et al., , 2000 . Dierent from piwi, the sting gene, another Drosophila homolog of hiwi, appears to be speci®cally expressed in the germline and is involved in spermatocyte development and meiosis (Schmidt et al., 1999) . We have shown that hiwi is expressed in human testes (a stem cell system), but is not detectable in ovaries which do not contain germline stem cells. This feature of hiwi expression appears to be similar to the role of piwi in germline stem cell division. However, the expression of hiwi and its mouse ortholog miwi in the testis is germline-speci®c, with their RNAs predominantly present in spermatocytes but not in spermatogonia. This feature of hiwi and miwi expression is more similar to expression of sting and its known function in spermatocyte development and meiosis. Our data do not exclude, however, the possibility that hiwi and miwi are expressed in spermatogonia at a level undetectable by RNA in situ hybridization. This possibility is consistent with our ®nding of hiwi expression in testicular parenchyma prior to spermatogenesis as detected by RT ± PCR. In addition, it is consistent with the fact that miwi knockout mice show a delay in spermatogonial dierentiation and a signi®cant increase in apoptosis in testicular germ cells, presumably including spermatogonia, spermatocytes, and spermatids (Deng and Lin, 2002; and unpublished data) . Moreover, the speci®c correlation between hiwi overexpression and seminomas but not spermatocytic seminomas suggests that hiwi can function in spermatogonia or their precursors (also see below). Hence, hiwi may be functionally more similar to piwi while sharing the germline-speci®c expression of sting. Alternatively, seminomas could be caused by the ectopic expression of hiwi in spermatogonia. Both possibilities may re¯ect a functional evolution of the piwi family genes from Drosophila to mammalian systems. In this context it is also interesting to note that there are multiple human homologs of piwi (GenBank accession numbers: AK027497, AK022827, AF093097). It is therefore possible that the various hiwi homologs became specialized in subsets of the piwi and sting functions, with hiwi in particular concentrating on and further enhancing the cell-autonomous function of piwi in promoting the division of stem cell and/or their dierentiating daughter cells in the germline.
The correlation between hiwi expression and the germline property is also supported by the ®nding that hiwi is only overexpressed in seminomas, but not in nonseminomas or in somatic tumors of the adult testis. Nonseminomas do not show enhanced hiwi expression likely because these tumors have lost their germline properties, even though they also originate from the same precursor cells as seminomas, i.e., CIS. We refer to this phenomenon as reprogramming, or activation of pluripotency . Interestingly, no enhanced hiwi overexpression is detected in four spermatocytic seminomas, which are also germline tumors but are dierent from TGCTs in their pathological origin. We proposed previously that these tumors originate from spermatogonia or spermatocytes and that they may undergo partial meiosis (reviewed in Stoop et al., 2001) . The results presented in this study allow us to conclude that the overexpression of hiwi probably does not lead to the development of spermatocytic seminomas but might be involved in the formation of TGCTs.
Several studies have identi®ed genetic components in the development of TGCTs. It has been suggested that up to 30% of TGCTs are aected one way or another by genetic predisposition (Nicholson and Harland, 1995) . In fact, the development of TGCTs has been found to show linkage to a number of chromosomal regions, suggesting the involvement of more than one gene, for which both a dominant and a recessive model might be applicable (Bishop, 1998) . Interestingly, one of the regions showing linkage was the telomeric region of the long arm of chromosome 12; a positive LOD score was found for a fragment of about 2 cm in length,¯anked by the markers D12S324 and D12S357. The marker AFM295ye9 (D12S343), which maps relatively close to hiwi (see Results) is located in the region of interest. AFM295ye9 and hiwi belong to the same contig (ctg15998 interval 2), and map to a single BAC clone (RP11-200K12) . Because of these data, hiwi might be an interesting candidate gene to explain the genetic linkage between the development of TGCTs and the telomeric end of chromosome 12. Moreover, this could explain the ®nding of gain of this chromosomal region in some TGCTs (Looijenga et al., 1999a (Looijenga et al., , 2000 Rosenberg et al., 1999; and Lothe, personal communication) . Increased hiwi dose might elevate the number or the mitotic activity of spermatogenic stem cells, just like when piwi is overexpressed (Cox et al., 2000) . This may in turn lead to an increased risk for the development of CIS and, in turn, the formation of a TGCT. The speci®c correlation between hiwi overexpression and seminomas is likely due to the fact that these cells retain the phenotype of CIS cells. Yet varied levels of hiwi expression in dierent seminomas or even within the same tumour might be related to the heterogeneity of the tumor cells. This heterogeneity is not correlated to the mitotic or apoptotic frequency of these cells. It thus remains to be elucidated whether it might be explained by the dierence in other aspects of cellular metabolism or the heterogeneity of tumor cells in activating various hiwi homologs. Speci®c antibodies against HIWI and its human homologs could be informative to investigate this hypothesis.
In conclusion, we have demonstrated the speci®c expression of hiwi in germ cells at particular stages of spermatogenesis and have speci®cally correlated hiwi overexpression with seminoma ± germline tumors that retained their germ cell phenotype. This intriguing expression pattern of hiwi, as well as its expression in the hematopoietic system and other stem cell-supported tissues (Sharma et al., 2001) , oer novel opportunities for studying the mechanisms of stem cell divisions and oncogenesis in humans.
Materials and methods
Construction of the full length hiwi cDNA and sequence analysis
To obtain the full-length hiwi cDNA, a hiwi-speci®c primer (5'-ATGAGTCGTCCCACTTCACGCTGCC-3') corresponding to the 236-260 bp of the existing 2.3 kb partial hiwi cDNA clone (clone 3-12 in (Cox et al., 1998) , Genbank accession number AF104260) was used in conjunction with an adaptor primer (5'-CCATCCTAATACGACTCACTA-TAGGGC-3') in the Marathon TM cDNA Ampli®cation kit (Clontech, Inc., Palo Alto, CA, USA) to synthesize the missing 5' region of the hiwi cDNA from the adult human testis poly A + RNA purchased from Clontech. The reactions were carried out according to the manufacturer's instructions. Brie¯y, the ®rst cDNA strand synthesis was catalyzed by AMV reverse transcriptase. The resulting single-stranded cDNA fragment was ligated to the adaptor primer followed by second-strand cDNA synthesis and PCR ampli®cation. The 1439 bp ampli®ed cDNA fragment was cloned into a pGEM-T Easy vector (Promega, Madison, WI, USA). The resulting plasmid, containing a SacI site at the 1319 bp position of the 1439 bp cDNA and a SacI site at the multicloning sites of the vector, was linearized by the complete digestion of SacI. The linearized vector-containing DNA sequence was then ligated to a 2.2 kb partial SacI digest fragment of the 2.3 kb hiwi cDNA to produce the full length hiwi cDNA clone.
The full length hiwi cDNA clone was completely sequenced on both strands using an ABI 377 Prism DNA Sequencer (Perkin-Elmer, Shelton, CT, USA) and analysed using the DNAStar sequence analysis package (DNAStar, Madison, WI, USA). Homology comparison between the HIWI protein and its homologs was carried out using the Megalign program of the DNAStar package. The full-length hiwi hiwi and germ cells D Qiao et al cDNA reported here represents the most complete sequence of the hiwi cDNA (Genbank accession number: AF104260). All other pre-existing hiwi cDNA sequences in Genbank are partial sequences, either under the names of Homo sapiens piwi (Drosophila)-like 1(PIWIL1; Genbank accession numbers: XM044332, XM055727, XM052767) or hiwi (Genbank accession number: AF264004).
Chromosomal mapping of hiwi
The hiwi locus was located by PCR-based mapping against the Stanford G3 panel, which consists of 83 whole genome hybrid clones generated by exposing a human lymphoblastoid cell line to 10 000 rad X-rays and fusing it with non-irradiated hamster recipient cells (Stewart et al., 1997) . A primer pair from the 3' UTR region of the hiwi cDNA were used to amplify DNA in the 83 clones (25 ng DNA from each clone and 100 ng primer DNA in 10 ml reactions). The PCR products were run on 1% agarose or 2% NuSieve TM agarose gels. Clones containing the predicted human DNA fragment were scored as 1's and those without the predicted human DNA fragment were scored as 0's. No detectable signal was ampli®ed from hamster DNA. The scores were then submitted to the Stanford Human Genome Center e-mail server (www.shgc.stanford.edu/RH/rhserverformnew.html). The results were con®rmed by¯uorescent in situ hybridization on normal human metaphase spreads.
Northern blot analysis
A Northern blot containing 2 mg/lane poly A + RNA isolated from major human tissues (Human Multiple Tissue Northern Blot II from Clontech, CA, USA; see Results) was probed with random hexamer-primed DNA probes derived from a 0.9 kb hiwi cDNA EST fragment from American Type Culture Collection (ATCC) that corresponds to the 3' region of the hiwi mRNA. Human b-actin cDNA probe (Clontech) was used as a positive control. ExpressHyb TM Hybridization Solution (Clontech) was used as hybridization buer. Hybridization was performed at 688C for 2 h followed by two washes in 26 SSC, 0.05% SDS for 50 min at room temperature, and another two washes in 0.16 SSC, 0.1% SDS for 40 min at 508C. The X-ray ®lms were exposed at 7808C for 10 h for autoradiographic imaging.
RNA in situ hybridization and immunohistochemistry
Snap-frozen human testicular samples for in situ hybridization were kindly provided by Ms Jennifer Powers and Dr Sandra Bigner in the Department of Pathology at Duke University Medical Center. Human seminoma (CRL-7800) and testicular embryonic carcinoma (CRL-1973 and HTB-104) cell lines were provided by ATCC. Tissues were ®xed in 4% formaldehyde in 16PBS overnight at 48C, washed in PBS, equilibrated in 16PBS containing 30% sucrose overnight at 48C, and embedded in OCT on dry ice. Cryosections of 8 mm thickness were prepared and in situ hybridization was performed using the digoxigenin-UTP labeled RNA probes. To prepare sense and antisense probes, the 3.47 kb full-length hiwi DNA clone was linearized with appropriate restriction enzymes at its 5' and 3'-end, respectively, and used as templates for transcription from T7 and SP6 promoters, respectively. Signals were visualized by anti-digoxigenin Fab fragments conjugated with alkaline phosphatase (Boehringer Mannheim) and color reaction was performed with NBT ± BCIP or Fast Red (Boehringer Mannheim).
For double-labeling with a protein marker, sections were then blocked in 16PBS with 10% goat serum and 0.1% Triton X-100 for 30 min at room temperature and counterstained with the anti-vimentin antibody AMF17b (34; 1 : 1 dilution) to identify Sertoli cells, or anti-laminin antibody (1 : 9 dilution). The mouse AMF17b antibody was obtained from the Developmental Studies Hybridoma Bank at the University of Iowa, while the rabbit anti-laminin antibody was purchased from Sigma Co (St. Louis, MO, USA). Fluorescently labeled secondary antibodies were purchased from Jackson ImmunoResearch Laboratories (West Grove, PA, USA) and were used at 1 : 100 dilution. Sections stained by NBT ± BCIP were cleared in Xylene (Sigma) and mounted in Permount (Fisher Co., Pittsburgh, PA, USA), while sections stained with Fast Red and co-stained for a protein marker were mounted in 50% glycerol (16PBS) solution containing 2% anti-quenching agent DABCO. All photography was conducted using Zeiss Axioplan epi¯uorescence microscope.
Quantification of hiwi expression levels in normal and testicular tumor samples
To quantify hiwi expression level in normal and tumorous testes, total RNA was isolated from frozen tissue sections of normal and tumor samples (all of which were from dierent patients unless otherwise mentioned). Two normal adult testicular parenchyma samples containing the full complement of spermatogenic cells, 19 seminomas, 10 nonseminomas (three yolk sac tumors, three teratomas, and four mixed tumors), and four spermatocytic seminomas (from three patients) were investigated. In addition, a normal testicular parenchyma sample from 7-year-old boy that contained gonocytes prior to the onset of spermatogenesis was included. In parallel, sections were used for hematoxylin A and eosine staining as histological control. Standard procedures were used for RNA isolation with TRIzol reagent (Gibco-BRL, The Netherlands) from ®ve 30-mm sections per sample. cDNA synthesis was performed on 4 mg total RNA using the protocol as supplied with the SuperScript reverse transcriptase (Gibco-BRL, The Netherlands).
The relative level of the hiwi transcript was quanti®ed by duplex PCR using hiwi-speci®c primers (5' AGC ATT GCT ATT CAC CGG CTT CCT3' and 5' CCA CCT ATG GTT GTA GTG AGC ATC 3') which yields a 311-bp band and comparing its abundance to that of a 246-bp ODC1 band generated by duplex PCR using ODC1-speci®c primers (5' GGT AAT GAA GAG TTT GAC TGC 3' and 5' AGC ACA GTC AAA TCC TGT CC 3'). The expression level of ODC1 is known to be of relative low abundance (40.01%). Although the level of ODC1 expression has been found to be increased in some cancers (Radfored et al., 1990; Brabender et al., 2001) , we found that ODC1 expression levels are constant in testicular germ cells tumors. This was demonstrated using a duplex RT ± PCR with ODC1 and HPRT (243 and 244)-speci®c primers on a series of ®ve cDNA samples of normal testicular parenchyma (containing spermatogenesis), and 22 TGCTs of various histological compositions (data not shown). Because of this ®nding ODC1 can serve as internal PCR standard for quantifying the amount of cDNA.
PCR reactions were performed in a Peltier Thermal Cycler 200 machine (MJ research, MA, USA) under the following conditions: 3 min at 948C (hotstart), 30 s at 948C, 30 s at 568C, 30 s at 728C (26 cycles), and 2 min at 728C (®nal extension step) in 60 ml reaction volume (2 ml cDNA (the equivalent of 250 ng RNA), 50 mM KCl, 10 mM Tris (pH 9.0), 0.1% Triton X-100, 2.5 mM MgCl 2 , 2.5 mM dGTP, dTTP, dCTP, 50 mM dATP, 0.25 ml a-32 P-dATP (0.0925 Mbq), 1 mM of each primer, 1 U TaqPolymerase (Promega)). After 18, 20, 22, 24 and 26 cycles of ampli®cation, 10 ml samples were taken for analysis, to which 2 ml loading buer (type 2) was added. Four ml of each sample was loaded on a 4% acrylamide gel and run for 2 h (400 V, 13 mA, 8 W) after which the gel was dried under vacuum. Radioactive signals were quanti®ed with the Storm 820 Phosphor Imager System (Molecular Dynamics, Sunnyvale, CA, USA), using Image-quant software.
